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Abstract Magnetic properties of the spin-1/2 XXZ Heisenberg cuboctahe-
dron are examined using exact numerical diagonalization depending on a rel-
ative strength of the exchange anisotropy. While the Ising cuboctahedron ex-
hibits in a low-temperature magnetization curve only one-third magnetization
plateau, the XXZ Heisenberg cuboctahedron displays another four intermedi-
ate plateaux at zero, one-sixth, one-half and two-thirds of the saturation mag-
netization. The novel magnetization plateaux generally extend over a wider
range of magnetic fields with increasing of a quantum (xy) part of the XXZ
exchange interaction. It is shown that the XXZ Heisenberg cuboctahedron
exhibits in a vicinity of all magnetization jumps anomalous thermodynamic
behavior accompanied with an enhanced magnetocaloric effect.
Keywords Heisenberg cuboctahedron · magnetization plateaux · magne-
tocaloric properties
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1 Introduction
Exotic low-temperature properties of geometrically frustrated quantum spin
systems in zero, one, two and three dimensions have attracted appreciable
interest in recent years [1,2]. An experimental realization of the antiferromag-
netic spin-1/2 Heisenberg model on kagome´ lattice was long sought after as
a prominent example of the geometrically frustrated spin system with a spin-
liquid ground state [3,4,5]. This fact has also stimulated particular attention
to the antiferromagnetic spin-1/2 Heisenberg cuboctahedron and icosidodeca-
hedron, which can be alternatively viewed as zero-dimensional analogs of the
kagome´ lattice packed on a sphere [6,7,8,9]. In addition, the spin-1/2 Heisen-
berg cuboctahedron as one of the archimedean solids has recently found an
intriguing experimental realization through the high-nuclear spin cluster with
a Cu12La8 core [10]. From the theoretical point of view, the magnetization pro-
cess of the spin-1/2, spin-1, spin-3/2 and spin-5/2 Heisenberg cuboctahedron
was investigated in Refs. [6,7], while the magnetocaloric effect of the spin-1/2
and spin-1 Heisenberg cuboctahedron was examined in Ref. [11,12]. It has
been evidenced that a height of the last step to the saturation magnetization
is twice as large as the other magnetization steps, which can be explained by
the highest possible number of localized magnons trapped on square faces [8,
13]. Magnetic properties of the irregular spin-1/2 Heisenberg cuboctahedron
with a flat random distribution were studied in Ref. [14].
It is worthwhile to remark that the antisymmetric Dzyaloshinsky-Moriya
term [15] as a possible source of the magnetic anisotropy can be generally ruled
out due to an anticipated presence of the inversion center in the middle of each
bond of the cuboctahedron. In this regard, the XXZ exchange anisotropy rep-
resents for the Heisenberg cuboctahedron the leading-order term determining
the magnetic anisotropy on assumption that a local crystal field of negatively
charged ligands around each magnetic center has a unique anisotropy axis [16].
In the present work, we will therefore examine an influence of the exchange
anisotropy on a low-temperature thermodynamics of the spin-1/2 XXZ Heisen-
berg cuboctahedron, which has not been dealt with yet.
2 Model and methods
Let us consider spin-1/2 XXZ Heisenberg cuboctahedron (see Fig. 1) given by
the Hamiltonian
Hˆ = J
Nb∑
〈i,j〉
[
∆
(
Sˆxi Sˆ
x
j + Sˆ
y
i Sˆ
y
j
)
+ Sˆzi Sˆ
z
j
]
− h
N∑
i=1
Sˆzi , (1)
where Sˆαi denotes spatial projections (α = x, y, z) of the spin- 1/2 operator
placed at ith vertex of the cuboctahedron, the first summation accounts for the
antiferromagnetic interaction J > 0 between the nearest-neighbor spins and
∆ ∈ 〈0; 1〉 is the anisotropy parameter in the XXZ Heisenberg interaction.
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Fig. 1 The cuboctahedron and its planar projection. (Color figure online)
Two limiting cases ∆ = 0 and ∆ = 1 correspond to the Ising and isotropic
Heisenberg models, respectively. The second summation accounts for the Zee-
man’s energy of magnetic moments in the external magnetic field h > 0 and
finally, N (Nb) denotes the total number of spins (bonds) of the cuboctahe-
dron. To obtain exact diagonalization data for the magnetization and entropy
of the spin-1/2 XXZ Heisenberg cuboctahedron we have adapted the subrou-
tine edfulldiag from Algorithms and Libraries for Physics Simulations (ALPS)
project [17]. This approach allows a rigorous calculation of the magnetization
process and magnetocaloric properties of the model under investigation, which
will be the central issue of our subsequent analysis.
3 Results and discussion
Let us start our discussion with the ground-state diagram of the spin-1/2
XXZ Heisenberg cuboctahedron, which is depicted in Fig. 2 in the ∆ − h/J
plane. Each area delimited by displayed phase boundaries corresponds to a
different ground state, which is distinguished according to the corresponding
value of the total magnetization normalized with respect to its saturation
value. With exception of a trivial fully polarized ground state, the spin-1/2
XXZ Heisenberg cuboctahedron exhibits for any ∆ 6= 0 another five ground
states, which should be manifested in a zero-temperature magnetization curve
as intermediate plateaux at zero, one-sixth, one-third, one-half and two-thirds
of the saturation magnetization. This result is in sharp contrast with much
simpler behavior of the Ising cuboctahedron retrieved in the limiting case ∆ =
0, which exhibits in a zero-temperature magnetization process just a single one-
third plateau before the magnetization reaches saturation. It is noteworthy
that only the state corresponding to a five-sixths intermediate plateau is not
realized as a particular ground state out of all available lowest-energy states
of the spin-1/2 XXZ Heisenberg cuboctahedron with the total spin ST =
0, 1, . . . 6, which can be attributed to the highest possible number of localized
magnons trapped on two opposite square faces of the cuboctahedron (see Fig.
1) within the two-thirds magnetization plateau [8].
To bring an insight into how the particular ground states are manifested
at finite temperatures we depict in Fig. 3 three-dimensional (3D) plot of the
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Fig. 2 The ground-state phase diagram of the spin-1/2 XXZ Heisenberg cuboctahedron in
the ∆−h/J plane. Acronyms in round circles determine the total magnetization normalized
with respect to its saturation value. (Color figure online)
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Fig. 3 3D plot of the magnetization of the spin-1/2 XXZ Heisenberg cuboctahedron as
a function of the external magnetic field h/J and exchange anisotropy ∆ at two different
temperatures: (a) kBT/J = 0.001; (b) kBT/J = 0.1. (Color figure online)
magnetization as a function of the magnetic field and anisotropy parameter
∆ at the sufficiently low (kBT/J = 0.001) and moderate (kBT/J = 0.1)
temperatures. Although there are no true magnetization plateaux and jumps
at any finite temperature, the low-temperature magnetization curve displayed
in Fig. 3(a) is strongly reminiscent of the actual magnetization plateaux and
jumps observed strictly at zero temperature. Moreover, it can be actually
seen from Fig. 3(a) that only one intermediate plateau at one-third of the
saturation magnetization is realized in the Ising limit (∆ = 0), while the
spin-1/2 XXZ Heisenberg cuboctahedron generally exhibits for any ∆ 6= 0
another four intermediate plateaux at zero, one-sixth, one-half and two-thirds
of the saturation magnetization. The novel magnetization plateaux gradually
extend over a wider range of the magnetic fields with increasing of a quantum
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(xy) part of the XXZ exchange interaction at the expense of the original one-
third and saturation plateaux. It can be found that the one-third plateau
is approximately 35% narrower for the isotropic Heisenberg cuboctahedron
(∆ = 1) in comparison with the Ising cuboctahedron (∆ = 0). Finally, it
is worthwhile to remark that the five-sixths plateau is indeed absent in the
magnetization curve of the spin-1/2 XXZ Heisenberg cuboctahedron regardless
of the exchange anisotropy [8].
For a comparison, the magnetization process of the spin-1/2 XXZ Heisen-
berg cuboctahedron at the moderate temperature kBT/J = 0.1 is shown in
Fig. 3(b). As one can see, the magnetization plateaux and jumps become
gradually smoother upon rising temperature. Actually, it can be found from
Fig. 3(b) that all magnetization plateaux except one-third plateau completely
disappear from the relevant magnetization curve provided that the anisotropy
parameter ∆ is sufficiently small (i.e. near the Ising limit ∆ = 0). On the other
hand, two widest one-third and one-half magnetization plateaux can be still
discerned at this temperature in the magnetization curve close to the isotropic
Heisenberg limit (∆ = 1), while other narrower magnetization plateaux are
reflected merely as less pronounced inflection points.
Next, let us also examine magnetocaloric properties of the spin-1/2 XXZ
Heisenberg cuboctahedron, which can be particulary interesting especially in
a vicinity of the magnetization jumps. First, we will discuss the Ising limiting
case with ∆ = 0, for which a few isentropy lines are plotted in Fig. 4(a) in the
magnetic field-temperature plane. The displayed isentropy lines can also be
viewed as a temperature response with respect to varying external magnetic
field during the adiabatic demagnetization. The Ising cuboctahedron exhibits
a giant magnetocaloric effect just above (below) of two magnetization jumps,
where a sharp increase (decrease) of temperature is invoked upon lowering
of the magnetic field. An absence of zero magnetization plateau in a mag-
netization process of the Ising cuboctahedron causes a giant magnetocaloric
effect in a vicinity of zero field, which makes this frustrated spin structure
quite promising refrigerant enabling cooling down to absolute zero tempera-
ture quite similarly to the Ising octahedron and dodecahedron [18].
The density plot of the entropy is displayed in Fig. 4(b) for relatively low
value of the anisotropy parameter ∆ = 0.1 close enough to the Ising limiting
case. Though it is still possible to observe during the adiabatic demagneti-
zation a steep increase (decrease) of temperature just below (above) of the
magnetization jumps, the most essential difference is that the temperature
shows a less marked decrease (just down to some finite value) near zero field
due to a presence of tiny plateau with a zero magnetization. The other inter-
mediate magnetization plateaux occur in a relatively narrow range of magnetic
fields for low values of the anisotropy parameter ∆ and hence, the deviation
from an anomalous magnetocaloric behavior manifest itself just at relatively
low temperatures.
Contrary to this, the isentropy lines of the isotropic Heisenberg cubocta-
hedron ∆ = 1 indicate a remarkable change of temperature in the vicinity
of all magnetization steps [see Fig. 5(b)]. It is quite curious that the similar
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Fig. 4 A density plot of the entropy per one spin of the spin-1/2 XXZ Heisenberg cuboc-
tahedron as a function of the magnetic field and temperature for two different values of the
anisotropy parameter: (a) ∆ = 0.0; (b) ∆ = 0.1. (Color figure online)
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Fig. 5 A density plot of the entropy per one spin of the spin-1/2 XXZ Heisenberg cuboc-
tahedron as a function of the magnetic field and temperature for two different values of the
anisotropy parameter: (a) ∆ = 0.5; (b) ∆ = 1.0. (Color figure online)
magnetocaloric behavior can be already detected in the spin-1/2 XXZ Heisen-
berg cuboctahedron with a relatively strong exchange anisotropy ∆ = 0.5 as
evidenced in Fig. 5(a). As a matter of fact, the temperature exhibits in both
aforementioned cases a relatively steep decrease (increase) just above (below)
each critical field associated with the magnetization jump. From the perspec-
tive of the cooling efficiency, the spin-1/2 XXZ Heisenberg cuboctahedron with
the exchange anisotropy ∆ > 0.1 should be however regarded as much worse
refrigerant system, because temperature finally shows a gradual increase dur-
ing the adiabatic demagnetization in a close vicinity of zero magnetic field due
to a presence of zero magnetization plateau.
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4 Conclusion
The present work deals with the magnetization process and magnetocaloric
properties of the spin-1/2 XXZ Heisenberg cuboctahedron, which have been
analyzed by means of the exact diagonalization method. It has been demon-
strated that the magnetization curve of the spin-1/2 XXZ Heisenberg cuboc-
tahedron posseses several intermediate plateaux and an anomalous magne-
tocaloric effect close to respective magnetization steps. While the spin-1/2
Ising cuboctahedron exhibits only one intermediate plateau at one-third of
its saturation value, the spin-1/2 XXZ Heisenberg cuboctahedron additionally
exhibits other four intermediate plateaux of a quantum nature. An enhanced
magnetocaloric effect has been detected in a vicinity of all magnetization steps.
The magnetocaloric effect of the spin-1/2 XXZ Heisenberg cuboctahedron at
the anisotropy parameter ∆ = 0.1 behaves quite similarly as the Ising limiting
case ∆ = 0. On the other hand, the magnetocaloric effect of the spin-1/2 XXZ
Heisenberg cuboctahedron for the anisotropy parameter∆ > 0.5 behaves quite
similarly as the isotropic Heisenberg case ∆ = 1.
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